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Abstract 
Acoustic emission testing (AET) is a powerful non-destructive testing technique that can be used to detect and locate several 
types of damage mechanisms. High-temperature hydrogen attack (HTHA) is a concern in the oil refining industry because many 
old vintage C-Mo and Cr-Mo steels remain in operation well past their design lives. There are several documents providing 
refinery owners and users with guidance on operating high-temperature reactors in hydrogen environments. Nelson curves (API 
971) also help determine the likelihood of damage. For this inspection technique to succeed, HTHA damage must be stressed to 
levels beyond those normally seen during steady-state operating conditions. Thermal gradients during the unit’s cool-down offer 
such an opportunity because they are produced by a relatively rapid temperature reduction that induces considerable thermal 
stresses. These can cause HTHA (micro-fissures) to propagate, and therefore be detectable by AET. This paper discusses 
applications of the AET technique and provides an example of this type of inspection. 
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Nomenclature 
AET acoustic emission testing  
AUBT automated ultrasonic backscatter technique 
HTHA  high temperature hydrogen attack 
API American Petroleum Institute 
dB decibel 
FMR field metallography and replication 
NDT non-destructive testing 
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1.  Introduction 
High-temperature hydrogen attack (HTHA) is a damage mechanism commonly observed in steels exposed to 
high temperatures and pressures under a hydrogen-rich environment [1]. As atomic hydrogen diffuses into steels, it 
promotes internal decarburization by combining with carbon and forming methane (Fig. 1). Because molecular 
methane cannot diffuse out of steel, it therefore accumulates typically within grain boundaries, forming bubbles. 
Methane bubbles nucleate at carbides, grow under methane pressure, and link up to form fissures and cracks. HTHA 
is basically a decarburization reaction producing a trapped gas that builds up internal pressure, leading to fissures.  
High Temperature Hydrogen Attack (HTHA)
• Hydrogen gas in contact with steel at high temperatures can 
result in decarburization and the subsequent formation of 
hydrocarbons
C(Fe) + 4H0 CH4
• The formation of methane bubbles in the steel causes a  loss of 
fracture toughness and can result in intergranular fissures and 
cracking.
Fig. 1. Basic reaction producing methane 
The American Petroleum Institute (API) issued guidelines in API 941 for steel selection for high-temperature and 
high-pressure hydrogen service in petroleum refineries and petrochemical plants. The likelihood of HTHA occurring 
is a function of temperature, hydrogen partial pressure, and whether there are unstable carbides in the material. 
Figure 2 illustrates HTHA damage in C-0.5 Mo Steel (ASTM A 204-A) after 65,000 hours in a catalytic reformer at 
a temperature of 790°F (421°C) and hydrogen partial pressure of 425 psig (2.9 MPa)[1]. 
Fissure
Unaltered pearlite
Decarburized zone
Ferrite
Fig. 2. Internal decarburization and fissuring in C-0.5 Mo steel 
This type of damage can lead to loss of mechanical properties such as tensile strength and fracture toughness. In 
advanced stages, it can cause catastrophic failure without warning. Special ultrasonic techniques have been 
developed and reported previously for volumetric inspection of welds and HAZ [2]. The most important techniques 
are the back-scattering technique (AUBT), spectrum analysis, and velocity ratio [3]. Another possible method of 
assessment is by field metallography and replication (FMR). These can provide a reasonable view of the 
microstructure and associated surface damage, if present. 
HTHA damage is preceded by an incubation phase during which detection is extremely difficult. This is due to 
the fact that the internal methane pressure inside the cavity is not sufficient to overcome the opposing surface-
3554  Claudio Allevato / Procedia Engineering 10 (2011) 3552–3560
tension forces so the cavity cannot exceed the critical nucleus size and be detectable. Once cavities form and link 
together at grain boundaries, likelihood of detection increases. Figure 3 illustrates these phases of damage. 
High Temperature Hydrogen Attack
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Fig. 3. Different phases of HTHA attack 
2.  Inspection Options 
When owner/operators are faced with components that have shown elevated risk for developing HTHA damage, 
a comprehensive fitness-for-service assessment is highly recommended, unless the component will be soon 
replaced. The assessment should include (but not be limited to) the following: 
• an engineering analysis of the criticality of inspection 
• probability of detection limits 
• selection of areas for inspection 
• NDE method selection  
Typically applied are volumetric NDE inspections for damage detection and quantification by means of AUBT, 
velocity ratio, and other ultrasonic techniques. Also, wet fluorescent magnetic particle techniques can provide 
important information about surface damage. FMR samples are also very powerful for investigating the degree of 
damage on the internal and/or external surfaces of reactors and piping sections.  
Due to the possibility that advanced stages of HTHA may be present (which include fissuring and linked cracks 
through the thickness range), it is advisable that conventional ultrasonic techniques be applied as well to reveal 
damage beneath the first layer of HTHA.  
The above NDE techniques are part of a comprehensive approach to determine the presence and extent of this 
type of damage, but typically cannot guarantee detection of early stages of damage. The main challenge faced by 
owners and operators is to ensure safe continued operation of existing C-Mo steel components and piping, specially 
vintage reactors built with C-½Mo material, many of which still exist and are being operated. A higher inspection 
frequency is typically adopted for these cases (as recommended by API 941). 
3.  Acoustic Emission Testing (AET) 
AET inspection techniques have been applied to detect and locate damage mechanisms for over 40 years. AET is 
based on the detection of high-frequency sound waves generated by either over-stressed material (AE Type I), or 
actual damage propagation such as micro-fissuring (AE Type II). Piezoelectric transducers are distributed over the 
surface of the component being inspected and real-time data are recorded during certain test conditions. 
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When there is little (or no) information about the possible presence of active discontinuities in a component, 
pressurization while in service is used to slightly over-stress the component to locate stress risers.
When the component is suspected of containing a damage mechanism and when this mechanism is likely to 
develop or propagate under certain operating conditions, an on-line monitoring approach is often used. Examples of 
the latter are related to mechanisms which are activated by thermal stresses during shut-downs and start-ups. It is 
possible that a cool-down will promote thermal stresses both in the radial and longitudinal directions (Fig. 4). This 
can lead to nominal stresses higher than the nominal stresses seen during normal operation. These higher than usual 
thermal stresses present during thermal excursions can cause further propagation of several types of fissures and 
crack-like damage, including HTHA. 
Fig. 4. Effect of thermal stresses on a thick-walled reactor and piping section 
AET during thermal gradients has been successful in detecting several types of damage mechanisms, such as: 
• thermal fatigue 
• polythionic acid cracking 
• chloride stress corrosion cracking (SCC) 
• high-temperature creep 
• HTHA 
• and others 
As a component is subjected to a cool-down, higher than normal bi-directional thermal stresses are imposed, and 
this can lead to further degradation. Should micro-fissuring occur, AET signals will be generated during tearing and 
will propagate at the speed of sound for that material and temperature. These signals are detected and triangulated 
by the array of AET transducers and further processed by specialized software. Time-domain and/or frequency-
domain data analysis is performed to eliminate process flow, mechanical, and other noises not related to the 
inspection. Damage activation by thermal stresses typically occurs at peak thermal gradient when cool-down rates 
reach maximum. 
It is important to distinguish between various inherent characteristics of AET relative to conventional NDE 
techniques. AET can only detect active damage mechanisms. It cannot easily detect inactive flaws, original 
fabrication flaws, or flaws which are not activated by the stressing method being used during AET monitoring.  
Figure 5 illustrates a typical system cool-down with metal temperatures being reduced during a reformer shut-
down. AE signals from HTHA damage are displayed as green histograms. The most intense release of AE type II 
signals originated from actual damage propagation and is concentrated between about 400°F (204°C) and 600°F 
(315°C). 
Tensile 
stresses
Compressive 
stresses 
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Fig. 5. AE signals recorded during a reformer cool-down 
4.  Catalytic Reformer Unit 
A Catalytic Reformer Unit (CRU) built in 1957 with four platformer reactors of various sizes was designed 
taking into account the potential for hydrogen attack. The reactor material was 1Cr-½Mo, while piping was 
constructed of 1¼Cr-½Mo. While the unit had a history of cracks, blisters, and other discontinuities, some of which 
were repaired over the last 25 years, there was no clear evidence of HTHA.  
In 2003, a full study was executed. Reactors and piping were subjected to a comprehensive fitness-for-service 
evaluation, which included visual testing (VT), positive material identification (PMI), penetrant testing (PT), 
magnetic particle testing (MPT), radiographic testing (RT), manual ultrasonic testing (UT), automated ultrasonic 
backscatter testing (AUBT), FMR, and AET during the unit’s cool-down.  
The unit’s operating parameters are shown in Fig. 6, and include reactor inlet and outlet temperatures generally 
above 900°F (483°C) with a hydrogen partial pressure of 323 psig (2.23 MPa). These operating conditions 
correspond to a location in the API 94 curves below the limits established for 1Cr-½Mo (green curve in Fig. 7). 
However, the CRU unit had suffered a relatively large number of unscheduled shut-downs and start-ups due to 
power outages and other operational issues. It was believed that the unit had experienced as many as one 
unscheduled shut-down a month on average over several decades. Thermal stresses during shut-downs, especially 
those that can’t be properly controlled, can be substantial. In light of these characteristics and history, the reactors 
and piping were deemed to be at elevated risk for HTHA. Results from AET monitoring during a shut-down in 2003 
revealed evidence of thermally-driven AE signals that display the characteristics normally found in HTHA damage. 
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Operating Limits for Steels in Hydrogen Service
Hydrogen Partial Pressure (psia)
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Fig. 6. CRU’s operating conditions and overall process description 
Fig. 7. CRU operating parameters 
The AE data from one of the reactors indicated significant potential for HTHA damage in the shell. Also, several 
of the inlet elbows into the reactors generated strong AE signals with attributes typical of advanced damage. 
Figure 8 displays the developed shell of Reactor V8. The y-axis represents height and the x-axis represents 
circumference of the reactor’s cylindrical shell. The data plotted in red dots represent locatable AE signals recorded 
during the reactor’s cool-down with the characteristics typically found in data from HTHA. Other signals from 
process flow, mechanical fretting, and other sources have been filtered out. This reactor was the only one of the four 
reactors that displayed such a significant amount of locatable AE data. 
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Fig. 8. Developed shell of Reactor V8 and AE signals 
It is important to highlight the fact that these AE signals were generated during the peak thermal stresses 
associated with the cool-down. The vast majority of the crack-like AET data shown were generated between 400°F 
(204°C) and 600°F (315°C). 
Elbow sections from inlet piping into all four reactors also displayed significant and intense AE signals with 
similar characteristics. Figure 9 shows correlation plots (amplitudes in dB versus counts), one for each inlet elbow. 
Each displayed AE signals with characteristics of advanced stages of HTHA. 
Fig. 9. Amplitude versus count correlations displaying typical attributes of active crack-like HTHA damage 
AUBT scans were also executed on the reactor’s shell; bands of hydrogen damage were confirmed (Fig. 10). 
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Fig. 10. AUBT results showing partial scans displaying bands of internal damage 
FMR samples documented the expected decarburization zones within grains, especially near fissures and cracks. 
The largest HTHA-related crack was estimated to be 2 in. long. It was located on the ID of the inlet nozzle of 
Reactor V8 (Fig. 11).  FMR surface preparation was an important aspect of this assessment. FMR requires a detailed 
and intense degree of polishing and etching to produce high-quality replicas of the metallographic structure at the 
surface. This surface preparation also allows the opportunity to perform penetrant testing (PT) on the part. It was 
noted that the 2½” crack was not detected by PT. It was detected first by FMR. Only after the surface was prepared 
for FMR (which produced a highly polished surface) was the crack detected by PT and photographed as shown in 
Fig. 11. 
Ultrasonic scans using AUBT and AUT and manual shear-wave techniques were used to detect and confirm 
HTHA damage in the body of Reactor V8. This reactor was subsequently removed from service and replaced by 
another unit with more remaining life. 
HTHA at ID surface of pipe elbow.
Required polishing surface down to
“diamond paste ” (2000 grit) to
make it visible.
Montage of HTHA fissures
Totaling 2” in length. FMR.
Fig. 11. PT indication of crack and photographs of several replicas displaying entire length of crack 
Some of the FMR samples displayed microstructure typical of HTHA attack, including decarburized grains, 
deteriorated pearlitic structures, and associated fissuring. Methane voids were also visible at grain boundaries, some 
of which were associated with micro-fissures. Figure 12 illustrates some of these features observed on the ID surface 
of the Reactor V8 shell and inlet piping elbows. 
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HTHA fissures on ID surface of Reactor
Fully decomposed structure. No pearlitic
colonies left, carbides precipitated in grain
boundaries. Methane bubbles visible.
Fig. 12. FMR samples displaying fully decomposed pearlitic structure, micro-fissuring, and decarburization 
5.  Conclusions 
Vintage reactors operating near or above hydrogen service limits as prescribed by API 941 can be assessed for 
continued safe operation via a range of NDE and engineering methods. One of these is the application of acoustic 
emission testing (AET) to monitor these components during relevant thermal gradients, during which HTHA 
damage often occurs. Because it is a global inspection technique that highlights active and propagating damage 
mechanisms, AET is a powerful tool to screen components subject to this type of damage. This technique can detect 
and locate damage and recommend follow-up inspection with complementary techniques to fully assess a 
component’s fitness for continued service. 
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